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Proper niche architecture is critical for stem cell func-
tion, yet only few upstream regulators are known.
Here, we report that the Hox transcription factor
Abdominal-B (Abd-B), active in premeiotic sper-
matocytes of Drosophila testes, is essential for posi-
tioning the niche to the testis anterior by regulating
integrin in neighboring somatic cyst cells. Abd-B
also non-cell-autonomously controls critical features
within the niche, including centrosome orientation
and division rates of germline stem cells. By using
genome-wide binding studies, we find that Abd-B
mediates its effects on integrin localization by
directly controlling at multiple levels the signaling
activity of the Sev ligand Boss via its direct targets
src42A and sec63, two genes involved in protein traf-
ficking and recycling. Our data show that Abd-B,
through local signaling between adjucent cell types,
provides positional cues for integrin localization,
which is critical for placement of the distant stem
cell niche and stem cell activity.
INTRODUCTION
Adult stem cells are the lifetime source ofmany differentiated cell
types that maintain homeostasis of a tissue and respond to injury
when challenged. They reside in a microenvironment, the stem
cell niche, that has an important role in stem cell behavior (Scho-
field, 1978). Specification of the different cell populations is a
prerequisite for establishment of the niche per se. Yet, it is the
establishment and maintenance of niche architecture that is
crucial for keeping the niche microenvironment and tissue
homeostasis throughout adult life. Niche architecture relies
largely on the physical interactions of the stem cell membrane
with tethering molecules on neighboring non-stem cells or sur-
faces that keep niche integrity and allow the exchange of signals
shaping the niche (Walker et al., 2009). Therefore, basic molec-
ular features of niche integrity are found to be common in
different stem cell systems. As one example, integrins, in combi-
nation with focal adhesion proteins (Siu et al., 2003) and the
extracellular matrix (ECM; Garzo´n-Muvdi and Quin˜ones-Hino-
josa, 2009), play a critical role in retaining spermatogonial stem
cells in the mammalian testis (Kanatsu-Shinohara et al., 2008).DevelopmMuch of the knowledge on direct physical interactions
between stem cells and their niche comes from studies in the
Drosophila testis, the best-characterized male stem cell niche
(Fuller and Spradling, 2007). Here, the somatic cells of the hub,
a cluster of nondividing cells specified before gonad formation
(Okegbe and DiNardo, 2011), form the niche organizing center
at the anterior part of the embryonic male gonad (Le Bras and
Van Doren, 2006). Antagonistic Notch and epidermal growth fac-
tor receptor (EGFR) signaling (Kitadate and Kobayashi, 2010) as
well as the Hox genes abdominal-A (abd-A) and Abdominal-B
(Abd-B), active in the gonadal mesoderm (Boyle and DiNardo,
1995; DeFalco et al., 2004; Le Bras and Van Doren, 2006),
contribute to hub formation exclusively in the anterior part of
the male embryonic gonad. In the posterior somatic cells of the
male gonads, upregulation of the tyrosine-kinase Sevenless
(Sev) by Abd-B prevents ectopic hub differentiation (Kitadate
et al., 2007). Hub cells recruit the anterior-most germ cells to
become the germline stem cells (GSCs), thereby giving rise to
the male stem cell niche. Each GSC is surrounded by two
somatic cyst stem cells (CySCs; Figure 1A). GSCs divide asym-
metrically with themitotic spindle orientated perpendicular to the
hub (Cheng et al., 2008; Yamashita et al., 2003). Upon asym-
metric stem cell division, each GSC produces a new GSC
attached to the hub and a distally located gonialblast, whereas
each CySC pair divides to generate two CySCs and two somatic
cyst cells (SCCs). The gonialblast divides mitotically four more
times to give rise to 16 interconnected spermatogonial cells,
forming a cyst surrounded by the two SCCs (Fuller and Spra-
dling, 2007), which grow without division, flatten, elongate, and
wrap the spermatogonial cyst. As spermatogonial cysts differen-
tiate, they growmarkedly in size and become primary spermato-
cytes that enter the premeiotic phase of gene expression
(Figure 1A).
Niche architecture is tightly coupled to adhesion: the adherens
junction protein E-cadherin (E-cad) anchors GSCs to the hub
cells (Inaba et al., 2010), the septate junction protein Discs Large
(Dlg) maintains the contact of the GSCs, spermatogonia, and
spermatocytes to the CySCs and SCCs (Papagiannouli and
Mechler, 2009), and the gap junction protein Zero population
growth (Zpg) provides intercellular communication (Tazuke
et al., 2002). Integrin controls the correct position of the embry-
onic hub, which is misplaced in the middle part of the developing
gonad in integrin mutants (Tanentzapf et al., 2007). Similarly,
disruption of the integrin-binding protein Talin/Rhea (Tanentzapf
et al., 2007) leads to hub mispositioning and gradual hub disap-
pearance, which results in loss of stem cell renewal in favor of
differentiation in adult testes (Tanentzapf et al., 2007). Duringental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc. 189
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from the germ cells through the Sev receptor regulates hub posi-
tioning and niche architecture (Kitadate et al., 2007).
Despite the progress made in understanding niche architec-
ture and positioning, little is known about the upstream regula-
tors providing positional cues to the downstream adhesion and
cytoskeletal components. Our work now reveals a role of the
posterior Hox gene Abd-B, which we show to be required during
larval testis development when testis organogenesis is not yet
completed (Kozopas et al., 1998). Abd-B depletion leads to
niche mispositioning as well as niche integrity defects in the
larval testis by affecting integrin and actin localization in the
SCCs. Using a genomic approach, we find that Abd-B affects in-
tegrin function by controlling the Boss/Sev signaling pathway
from the germline to the somatic lineage via its target genes
src42A and sec63. We also demonstrate that incorrect place-
ment of the niche in Abd-B-depleted testes results in centro-
some mispositioning and reduced GSC divisions in larval testes,
leading to a dramatic reduction of premeiotic stages later in adult
testes. Therefore, our study provides evidence of Abd-B acting
as an upstream regulator of integrin in order to maintain stem
cell function and niche architecture. Importantly, the role of
Abd-B in the Drosophila male stem cell niche described in this
study links tissue architecture to intrinsic positional cues and
supports the view that Hox genes act not only as major develop-
mental switches but also as cell-type-specific micromanagers.
RESULTS
Abd-B Regulates Niche Positioning and Integrity in the
Drosophila Larval Testis
Recent findings indicate that Hox transcription factors, besides
their cell type specification function, also control later events
required to coordinate cell interactions and the formation of
cellular networks (Philippidou et al., 2012). For this reason, we
analyzed the function of the Hox gene Abd-B in the Drosophila
testis during larval stages when this stem cell system starts to
become active. Immunostaining of Drosophila testes with an
Abd-B-specific antibody (Celniker et al., 1989) revealed Abd-B
expression in the nucleolus of spermatocyte nuclei in third instar
(L3) larval (Figure 1B; FiguresS1D–S1Favailable online) andadult
testes (Figures S1A–S1E and S1G–S1I), but not in earlier germ-
line cell populations (Figure 1C) or in SCC nuclei (Figure S1C).
We next interfered with Abd-B function in the Drosophila testis
by expressing a UAS-AbdBRNAi transgene in spermatocytes
using the germline-specific T100-GAL4 (Hrdlicka et al., 2002;
Figures S1J–S1L), Bag of marbles (Bam)-GAL4 (Chen and
McKearin, 2003), and nanos (nos)-GAL4 drivers (Van Doren
et al., 1998). Due to the activity of theT100- andnos-GAL4drivers
at different developmental stages (Hrdlicka et al., 2002), the
Abd-BRNAi transgene was not only expressed persistently but
also temporally restricted to larval stages using a temperature-
sensitive tub-GAL80ts transgene in combination with T100-
GAL4- and nos-GAL4-mediated RNAi-silencing. Efficiency of
Abd-B knockdown in larval testes was confirmed (Figures
S2A–S2D). In all cases, the phenotypic analysis using the hub
cell marker Fasciclin III (FasIII; Patel et al., 1987) revealed a
displacement of the hub from the anterior part of the Abd-B-
depleted testes (Figures 1D–1G and S2E–S2L). Hub displace-190 Developmental Cell 28, 189–202, January 27, 2014 ª2014 Elseviment was detected throughout this study by comparing the
observed to the expected hub position, which is normally oppo-
site to the posterior terminal cells. Abd-B silencing confined to
larval stages had similar effects as persistent knockdown (Table
S1), demonstrating that hub positioning requires Abd-B function
in spermatocytes during larval stages. Importantly, the observed
phenotypes were not due to general effects on membrane integ-
rity or differentiation capacity of the somatic lineage, since
localization of the cell polarity protein Dlg (Papagiannouli and
Mechler, 2009) was unaffected in Abd-B RNAi silenced testes
(Figures 1H and 1I). In a few severe cases, we also observed
defects in hub integrity as the hub cell arrangement was
disturbed (Figures S3A and S3D). From these data we conclude
that Abd-B, expressed exclusively in the larval spermatocytes,
regulates niche positioning and architecture at the anterior part
of the Drosophila larval testis.
Abd-B-Dependent Localization of Integrin and Actin in
the Somatic Lineage Is Required for Proper Niche
Positioning
Previous analyses have shown that integrin-mediated adhesion
is important for maintaining the correct placement of the hub
cells during embryonic gonad morphogenesis (Tanentzapf
et al., 2007) and in adult testis (Lee et al., 2008). The similar phe-
notypes resulting from either Abd-B or integrin knockdown at
different developmental stages of male stem cell niche develop-
ment raised the possibility that these two factors might play a
common role in niche positioning in larval stages. Thus, we
analyzed the localization of bPS-integrin, the b-chain of the
integrin heterodimer encoded by the myospheroid (mys) gene,
in Abd-B-depleted testes. In addition, we visualized filamentous
actin (F-actin) by phalloidin stainings, since integrins link the
actin cytoskeleton to the ECM (Ellis and Tanentzapf, 2010). In
wild-type larval testes, bPS-integrin decorates the membrane
of the CySCs and SCCs but is absent from the hub (Figures
2A–2C, 2G, 2J, S3B, and S3E), while F-actin underlies the mem-
brane of the somatic lineage (the hub, CySCs, and SCCs) and the
fusome of the spermatogonia and spermatocytes (Figures 2A
and 2C). In contrast, in Abd-B-depleted testes with an abnor-
mally positioned niche, bPS-integrin localization was sig-
nificantly reduced (Figures 2D–2L and S3C–S3F), F-actin was
lost in CySCs and SCCs, and only its fusome localization
remained mostly unaffected (Figures 2D and 2F). Analysis of
AbdBD18 mutant clones (Hopmann et al., 1995) in larval testes
revealed similar defects in niche positioning and integrin locali-
zation (Figures S3G–S3L). In addition, we also observed testes
with significantly reduced bPS-integrin and F-actin localization
but normally positioned hub cells in AbdBRNAi::T100 larvae
(data not shown), suggesting that loss of integrin and actin
precedes the niche mispositioning phenotype.
We further investigated the role of actin and integrin in niche
positioning. On the one hand, we complemented our studies
on integrin by analyzing L3 testes mutant for bPS-integrin.
Consistent with its function in embryonic gonads (Tanentzapf
et al., 2007), mys mutant L3 testes displayed severe defects in
niche positioning (Figures 2M and 2N), resembling the pheno-
type observed in Abd-B-depleted testes (Figures 1D and 1E).
On the other hand, we interfered with actin function by culturing
L3 testes in the actin depolymerization drug Latrunculin A (Babuer Inc.
Figure 1. Abd-B Is Required in Spermatocytes to Maintain Niche Positioning and Integrity in the Larval Drosophila Testis
(A) Diagram depicting early spermatogenesis inDrosophila. Within the spermatocytes, the red line indicates Kugelkern (Kuk) distribution in the nuclearmembrane,
the green dots resemble Abd-B distribution in the nucleolus, and blue represents DAPI in the nucleus. GSC, germline stem cell; CySC, somatic cyst stem cell;
SCC, somatic cyst cell.
(B and C) Staining of wild-type (WT) L3 testis with Kuk (red) for labeling the nuclear membrane, DAPI (blue) for the DNA, and Abd-B (green). (C) Enlargement of the
hub region of L3 testis; Abd-B is not detected in hub cells or GSCs. GSCs are marked by yellow asterisks.
(D–G) Stainings of L3 testes of the indicated genotype with FasIII (red) to visualize hub cells, with phalloidin (green) for F-actin and DAPI (blue) for the DNA. FasIII
labeling in (E)–(G) shows the hub displacement from the anterior tip of the Abd-B-depleted testis.
(H and I) Stainings with Dlg (red), F-actin (green), and DAPI (blue) showing that the somatic lineage is comparable to wild-type and is not disrupted in Abd-B-
depleted testes. Yellow stars show the expected hub position; red arrows show the observed hub position. Testis hub is oriented toward the left. Scale bar, 10 mm.
See also Figures S1 and S2 and Table S1.
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late SCCs (actin5CRNAi::T155). In both cases, loss of F-actin in
SCCs and mispositioning of the testis niche were observed (Fig-
ures 2O and S2M–S2P). Taken together, these results demon-
strate that Abd-B is required for proper niche positioning by
ensuring appropriate localization of integrin and actin in
Drosophila larval testes.
Abd-B Affects Integrin Localization and Niche Function
via the Boss/Sev Pathway
The discrepancy between Abd-B activity (in differentiated
spermatocytes) and function (in SCCs) indicated a cell nonau-Developmtonomous regulation of integrin localization, niche positioning,
and integrity by Abd-B. Thus, we focused our further analysis
on potential mediators of Abd-B function. One of them is the
Boss/Sev pathway, which has been shown before to be required
for hub positioning in embryonic gonads and adult testes (Kita-
date et al., 2007). Our expression analysis revealed that Sev,
like bPS-integrin, is localized in CySCs and SCCs (Figures 3A
and 3B), whereas Boss protein, as Abd-B, is found exclusively
in the neighboring spermatocytes, primarily in vesicles (Figures
5A and 5B). Dependency of the Boss/Sev pathway on Abd-B
was confirmed by a loss of vesicular Boss protein in Abd-B-
depleted testis (Figures 5C and 5D). Furthermore, L3 testesental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc. 191
Figure 2. Loss of Integrin and Actin Localiza-
tion in Abd-B-Depleted Larval Testis Affects
Niche Positioning
(A–F) Stainingsof L3 testesof the indicatedgenotype
with bPS-integrin (red), F-actin (green), and DAPI
(blue). (B) and (E) show only bPS-integrin staining
from (A) and (D), respectively. (C) and (F) are mag-
nifications of the spermatocyte regions from (A) and
(D), respectively. (F) F-actin is lost from theSCCs,but
remains unaffected in the germline fusome. Pictures
in (A)–(F) were taken in parallel using identical
confocal settings for direct comparison.
(G–L) Stainings of L3 testes of the indicated geno-
type with bPS-integrin (red), F-actin (green), and
DAPI (blue). (J)–(L) show only bPS-integrin staining
from (G)–(I), respectively.
(M–O) Stainings of L3 testes of the indicated
genotype with FasIII (red), F-actin (green), and DAPI
(blue). (O) was taken with higher laser settings
compared to (M) to reveal the remaining F-actin.
Yellow stars indicate the expected hub position, red
arrows the observed hub position. Testis hub is
oriented toward the left. Scale bars, 10 mm. See
also Figures S2 and S3.
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Abd-B and the Male Stem Cell Nicheeither mutant (Figures 3C, 3D, and 3H) or RNAi silenced for the
sev or boss genes (Figures 3E–3G and 3I) displayed severe de-
fects in niche positioning. Importantly, interfering with Boss or
Sev function had similar quantitative effects on hub misposition-
ing as silencing of Abd-B (Table S1), suggesting that the Boss/
Sev pathway is the major effector of Abd-B-dependent niche
localization in larval testes. In addition to hub mislocalization,
we also observed niche integrity defects (data not shown), which
is in line with previous observations (Kitadate et al., 2007; Lee192 Developmental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc.et al., 2008; Tanentzapf et al., 2007) that
hub displacement phenotypes are often
associated with hub shape defects or
even with a complete loss of the hub.
Like in AbdBRNAi-depleted testes, bPS-
integrin localization was lost in sevmutants
(Figures 4A and 4B) or in testes specifically
depleted for the sev gene in the somatic
lineage (Figure 4C) or for boss in sper-
matocytes (Figures 4G–4J). When we
reconstituted Sev function by heat-
shock-inducible expression of active
Sev (Figures 4D–4F), hub positioning and
integrin localization were rescued in
AbdBRNAi::T100 testes. Similarly, a partial
rescue of hub positioning and integrin
localization was observed when we ex-
pressed a temperature-sensitive shibire
(shi) gene (Kitamoto, 2001; Rogat and
Miller, 2002), which is critical for the endo-
cytic uptake of receptors from the plasma
membrane (McPherson et al., 2001;
Urrutia et al., 1997) in Abd-B-depleted
testes (Figures 4K and 4L). Taken together,
these results show that Abd-B affects
bPS-integrin localization in neighboringSCCs and regulates niche positioning and integrity in a cell
nonautonomous manner via the Boss/Sev signaling pathway.
In line with the ability of integrins to bind distinct subsets of
ECM proteins with their extracellular part (Ellis and Tanentzapf,
2010), we found several ECM proteins to colocalize with integrin
in SCCs. Laminin A (LanA) (Fristrom et al., 1993; MacKrell et al.,
1993) and Wing blister (Wb), a LanA-type protein (Martin et al.,
1999), colocalize with integrin in the CySCs and SCCs (Figures
S4A–S4F), whereas other ECM proteins such as the type IV
Figure 3. boss and sev Mutants Affect Niche Positioning in Larval Testis
(A and B) Sev localization in L3 wild-type testis. GFP::sev L3 testis (green) costained with DAPI to label the DNA (blue) shows that Sev marks the CySCs, early
SCCs (A), and late SCCs (B) wrapping the spermatocytes. Yellow asterisk marks the hub, showing that Sev is not expressed in or close to the niche.
(C–I) Stainings of L3 testes of the indicated genotype for FasIII (red), F-actin (green), and DAPI (blue).
Yellow stars show the expected hub position; red arrows indicate the observed hub position. Testis hub is oriented toward the left. Scale bars, 10 mm. See also
Table S1.
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testis pigment sheath (data not shown). Cell-type-specific down-
regulation of lanA and wb in all SCCs (using the c833-GAL4
driver) or only in late SCCs (using the T155-GAL4 driver) by
RNAi interference resulted in niche mispositioning phenotypes
(Figures S4G–S4J). These data suggest that ECM proteins in
CySCs and SCCs, wrapping the germline cysts, have a critical
role in keeping the hub cells at the anterior part of the larval testis.
Abd-B Regulates the Boss/Sev Pathway via Its Direct
Targets src42A and sec63
We next identified genes directly regulated by Abd-B in the
Drosophila testis by mapping its binding sites in vivo using theDevelopmDNA adenine methyltransferase identification (DamID) technol-
ogy (Choksi et al., 2006; van Steensel et al., 2001). This analysis
resulted in the identification of 1,804 Abd-B binding regions in
larval testes, which were associated with 2,771 genes. To deter-
mine over-representation of gene ontology (GO) terms, we
grouped GO terms using their annotated biological process
(GO: 0008150; Table S2) and analyzed over-representation of
GO term groups among the identified genes (Figure S5).
We focused our analysis of Abd-B function in the testis on
genes with function in trafficking processes, since it was previ-
ously shown that the transmembrane protein Boss becomes
internalized in response to stimulation by glucose (Kohyama-
Koganeya et al., 2008) or after binding to its receptor Sev (Caganental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc. 193
Figure 4. The Boss/Sev Pathway Is Downstream of Abd-B
(A–F) Stainings of L3 testes of the indicated genotype with FasIII (red), F-actin (green), and DAPI (blue). Three different heat-shock (hs) regimes for sev activation in
AbdBRNAI testis were applied (see Experimental Procedures for details): 2h hs, dissection after 1 hr (D); 2 3 30 min hs, dissection after 1 day (E); and 23 1h hs,
dissection after 1 day (F). Control testis for this experiment is shown in (B).
(G–L) Stainings of L3 testes of the indicated genotype for FasIII and bPS-integrin (red), F-actin (green), and DAPI (blue).
Yellow stars show the expected hub position; red arrows indicate the observed hub position. Testis hub is oriented toward the left. Scale bars, 10 mm. See also
Figure S4.
Developmental Cell
Abd-B and the Male Stem Cell Niche
194 Developmental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc.
Figure 5. Abd-B Affects the Boss/Sev Pathway via Its Direct Target Genes src42A and sec63
Boss localization (green) in testes costained with DAPI to label the DNA (blue). Small insets in (A)–(H) show the Boss staining only. In wild-type testes (A and B),
Boss shows a marked localization in vesicles (white arrowheads) and an overall weak cytoplasmic staining. In Abd-B-depleted (C and D) and src42A-depleted
(E and F) testes, Boss localization in vesicles is lost, but theweak cytoplasmic staining persists. In sec63-depleted testes (G andH), localization of Boss in vesicles
is lost, and Boss is accumulated in the cytoplasm. Yellow stars show the expected hub position. Testis hub is oriented toward the left. Scale bars, 10 mm. See also
Figure S5 and Table S2.
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after receptor internalization, the receptor protein is frequently
shuttled back to the plasma membrane by the endocytic system
(Platta and Stenmark, 2011). Thus, we hypothesized that Abd-B
controls signaling between the germline and somatic lineage
by regulating genes required for Boss receptor recycling or
trafficking. Out of 289 genes involved in trafficking and endocy-
tosis, we selected 35 candidate genes and found two genes, one
encoding the nonreceptor tyrosine kinase Src oncogene at 42A
(Src42A) and the other one encoding the putative signal recogni-
tion binding protein Sec63, as potential mediators of Abd-B
function in the larval testis.
Previous studies have shown that boss genetically interacts
with src42A in the Drosophila eye (Takahashi et al., 1996) and
that Src42A is important for recycling E-cad at adherens junc-
tions in different Drosophila cell types (Fo¨rster and Luschnig,
2012). In support of a direct regulatory interaction between
src42A and Abd-B in the larval testis, src42A mRNA levels
(Toledano et al., 2012) were significantly downregulated in sper-
matocytes of AbdBRNAi::T100 animals (Figures 6J and 6K), and
likewise the activity of the phosphorylated protein tyrosine kinase
Src42A was dramatically reduced (Figures 6G and 6H). Impor-
tantly, our functional analysis revealed that src42A-depleted
testes mimic the loss of Abd-B function: in contrast to wild-
type testes (Figures 5A and 5B), Boss protein was not detected
in vesicles (Figures 5E and 5F), the hub was mispositioned (Fig-
ures 6A, 6B, and S6A–S6C; Table S1), and bPS-integrin was
not properly localized in SCCs of src42A-depleted testes (Fig-
ures 6D, 6E, and S6F–S6H). However, expression of a UAS-Developmscr42A in AbdBRNAi::T100 testes could not rescue these pheno-
types (data not shown), showing that other Abd-B target genes
are important for signal transduction between the larval sper-
matocytes and SCCs.
Protein translocation into the endoplasmic reticulum (ER) can
occur co- and posttranslationally, and both pathways converge
atSec63,an integralmembraneproteinof theHsp40 family (Jermy
et al., 2006; Mades et al., 2012). Consistent with a potential role in
Bosscellular trafficking,weobservedSec63protein localization in
spermatocytes of the Drosophila larval testis in a GFP::sec63
transgenic line (Figure 6I). Further support stems from our obser-
vation that sec63 mRNA levels (Toledano et al., 2012) were
completely abolished in spermatocytes of Abd-B-depleted testis
(Figures 6L and 6M). Finally, reducing sec63 activity specifically in
spermatocytes resulted in lossofBoss localization invesicles (Fig-
ures 5G and 5H), in hub mispositioning defects (Figures 6A, 6C,
S6A, S6D, and S6E; Table S1), and loss of integrin (Figures 6D,
6F, S6F, S6I, and S6J), recapitulating the effects observed in
AbdBRNAi-depleted testes. Altogether these results demonstrate
that Abd-B affects Boss function and thus integrin localization
and niche positioning by regulating trafficking and receptor-recy-
cling-related target genes, like src42A and sec63.
Abd-B Is Required for Proper GSC Division inDrosophila
Larval Testes
Since our data demonstrate that integrin localization, as well as
niche positioning and integrity, is dependent on Abd-B in larval
testes, we hypothesized that stem cell division might be affected
when Abd-B function is compromised. To this end, we analyzedental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc. 195
Figure 6. src42A and sec63 Mutant Testes
Mimic the Phenotype of Abd-B-depleted
Testes
(A–C) Stainings of L3 testes of the indicated
genotype for FasIII (red), F-actin (green), and
DAPI (blue).
(D–F) Stainings of L3 testes of the indicated
genotype for bPS-integrin.
(G and H) Stainings of L3 testes of the indicated
genotype for pSrc (red), F-actin (green), and DAPI
(blue). Small inset figures show pSrc staining only.
(I) sec63-GFP L3 testis (green) costained with
DAPI (blue) shows that Sec63 marks the sper-
matocyte cytoplasm. Small inset in (H) shows
Sec63 expression only.
(J–M) In situ hybridizations for src42A mRNA
(J and K) and sec63 mRNA (L and M) in wild-type
(WT; J and M) and AbdBRNAi::T100 (K and M)
testes.
Yellow stars show the expected hub position; red
arrows indicate the observed hub position. Testis
hub is oriented toward the left. Scale bars, 10 mm.
See also Figure S6 and Table S1.
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Abd-B and the Male Stem Cell Nicheasymmetric stem cell division in larval testes using the centro-
some marker g-tubulin (Zheng et al., 1991). In GSCs of larval
wild-type testes, the mother centrosome is anchored to the
hub-GSC interface, and upon division the daughter centrosome
migrates toward the opposite side of the GSC to create an axis
perpendicular to the hub (Figures 7A and 7B; Yamashita et al.,
2003). In contrast, in AbdBRNAi::T100 larval testes not only
GSCs with normal centrosome orientation, but also GSCs with
misorientated centrosomes, were observed (Figures 7C and
7D). Since proper centrosome orientation is often a prerequisite
for asymmetric GSC division (Cheng et al., 2008; Inaba et al.,
2010), we analyzed GSC division rates in Abd-B-depleted larval
testes using the proliferation marker phosphorylated histone H3
(PH3). This analysis revealed that only GSCs with normally
aligned centrosomes divide, as PH3 staining was never detected
in GSCs with misorientated centrosomes. Consequently, a
decrease in the rate of asymmetrically dividing GSCs was found
in AbdBRNAi::T100 larval testes. We observed an average of
0.488 dividing GSCs/testis (20 PH3-positive GSCs in 41 testes)
in wild-type larval testes and 0.067 divisions per GSC (20 PH3-
positive GSCs out of total 296 GSCs screened). In Abd-
B-depleted larval testes, an average of 0.288 dividing GSCs/196 Developmental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc.testis (15 PH3-positive GSCs in 52 testes)
were detected and 0.039 divisions per
GSC (15 PH3-positive GSCs out of total
385 GSCs screened) were calculated.
However, at this stage the number of
GSCs surrounding the hub remained
constant: 7.2 GSCs/testis (296 GSCs/41
testes) in wild-type and 7.4 GSCs/testis
(385 GSCs/52 testes) in AbdBRNAi::T100
larval testes.
Testes accumulating GSCs with
misoriented centrosomes divide less
frequently, thereby leading to reduced
spermatogenesis (Cheng et al., 2008).Thus, we studied the architecture of the stem cell niche and
of all spermatogenesis stages in adult testes of 0, 10, and
20 day old wild-type and AbdBRNAi::T100 males. Wild-type
adult testes contain all cell populations of the stem cell niche
(hub, GSCs, and CySCs) and differentiating cells in all stages
of spermatogenesis (Cheng et al., 2008), including transit-
amplifying spermatogonia (gonialblast and 2- to 16-cell sper-
matogonia), spermatocytes, meiotic cells, and elongating
spermatids (Figures 7E and 7F). In contrast, newly eclosed
0-day-old Abd-B-depleted adult testes displayed a marked
reduction in the number of premeiotic germ cells (gonialblasts,
spermatogonia, and spermatocytes; Figures 7G and 7I). As a
consequence, elongated spermatids are shifted in close vicinity
to the hub in AbdBRNAi::T100 adult testes. In addition, highly
branched fusomes, a characteristic of late spermatogonial
and spermatocyte cysts, were detected close to the hub
GSC (Figure 7J). Taken together, these results evidence a
reduction of the premeiotic stages in Abd-B-depleted testes.
However, not only differentiated stages but also the number
of GSCs associated with the hub were reduced in AbdBRNAi::
T100 0-day-old adult males (Figures 7H and 7K). Similar effects
of Abd-B depletion on the male stem cell niche were observed
Figure 7. GSC Division in Larval Testes Is
Dependent on Abd-B
(A and C) Schematic diagrams showing asymmetric
GSC division in wild-type (A) and Abd-B::T100 (C)
testes. In wild-type testes (A), centrosomes are
arranged perpendicular to the hub with the mother
centrosome localized at the inner side of hub-GSC
interface. In Abd-B-depleted testes (C), centro-
somes lose their orientation, and the mother and
daughter centrosomes are randomly positioned.
(B and D) Stainings of L3 testes of the indicated
genotype for g-tubulin (green), which marks the
centrosomes, F-actin (blue) labeling the GSC
periphery, and Vasa (red) for the germline. White
arrowheads point at normally localized centrosomes
perpendicular to the hub; yellow arrowheads point at
misoriented centrosomes. Yellow asterisks show
the location of the hub cells.
(E–J) Stainings of 0-day-old adult testes for
a-spectrin (labeling the fusome), Arm (marking the
hub, CySCs, and SCCs; green), Vasa for the germ-
line (red), and DAPI for the DNA (blue). White
arrowhead in (J) points at branched fusomes. White
arrows in (E), (G), and (I) show the premeiotic area,
which is significantly reduced in Abd-B-depleted
testes (G and I). In (H), only two Vasa-positive GSCs
are connected to the hub. Yellow asterisks in (F) and
(H) mark Vasa-positive GSCs.
(K) Quantification of GSC number in 0-day-old wild-
type and Abd-B-depleted adult testes. Error bars
represent SDs.
Testis hub is oriented toward the left. Scale bars,
10 mm. See also Figure S7.
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significantly thinner than control testes and had a reduced
number of GSCs and a reduced premeiotic region (Fig-
ure S7). Surprisingly, bPS-integrin localization was not affected
in AbdBD18 clones of adult testes (Figures S3M–S3R), sug-
gesting that integrin localization does not exclusively rely on
Abd-B from the spermatocytes during adult stages but most
likely requires additional inputs.Developmental Cell 28, 189–20Taken together, these results show that
Abd-B ensures proper niche function by
regulating (from a distance) asymmetric
GSC division in larval stages, which pro-
vides the daughter germ cells that enter
spermatogenesis. This role of Abd-B
throughout larval stages is critical in order
to avoid the accumulation of defects at
adult stages when testis organogenesis is
completed by the addition of the actomy-
osin sheath (Kozopas et al., 1998).
DISCUSSION
Sustained Abd-B Activity Is Required
for Stem Cell Niche Function
Hox genes code for highly conserved
homeodomain-containing transcription
factors, which are crucial for establishingthe identity of segmental structures along the anterior-posterior
body axis of animals as diverse as insects and vertebrates
(McGinnis and Krumlauf, 1992). Apart from their well-established
role as major developmental switches, recent studies point to an
equally important role of Hox genes as cell-type switches (Loh-
mann and McGinnis, 2002), whereby they control local cell
behaviors resulting in the development and maintenance
of segment-specific structures and organs (Bohrmann and2, January 27, 2014 ª2014 Elsevier Inc. 197
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Krumlauf, 1992). As Hox mutants die with severe defects at
late embryogenesis, very few studies have assessed Hox gene
function at more advanced phases of life so far, like the larval
and adult stages of Drosophila (Mandal et al., 2007; Marchetti
et al., 2003).
The data presented here show that, in addition to its early role
in the specification of male embryonic gonadal cell types (Boyle
and DiNardo, 1995; DeFalco et al., 2004; Le Bras and Van Doren,
2006), sustained activity of the Hox transcription factor Abd-B
during larval stages is required to maintain the position and
architecture of the male stem cell niche. Thus, our findings are
consistent with a newly emerging theme in the Hox field, namely
that Hox genes act directly, not only early in the specification of
certain cell types, but also in later events when these cells
mature, become functional, and form complex structures, like
the neuromuscular junction or the testis, which need to be
maintained.
Abd-B and Its Effect on the Boss/Sev Pathway via Its
Direct Targets src42A and sec63
Our study also shows that the Hox gene Abd-B executes its
function in the testis in a cell nonautonomous manner by
regulating Boss/Sev signaling from the germline-derived sper-
matocytes to the somatic cyst cell population. By identifying
testis-specific Abd-B target genes using a genomic approach,
we could mechanistically link the upstream regulator function
of Abd-B to two of its direct effector genes, src42A and sec63.
Src42A is a nonreceptor tyrosine kinase (Takahashi et al.,
1996) that is implicated in many signal transduction pathways
(Wouda et al., 2008) and cell signaling coupled to integrin-related
scaffolding proteins (Avizienyte et al., 2002; Tikhmyanova et al.,
2010; Tsai et al., 2008), modulation of the actin cytoskeleton
(Matusek et al., 2006; Takahashi et al., 1996), and maintenance
of adherens junctions (Shindo et al., 2008). Moreover, nonrecep-
tor tyrosine kinases, such as the vertebrate Src family members,
are important for the internalization of G-protein-coupled recep-
tors (Gavi et al., 2006; Luttrell and Luttrell, 2004). On the other
hand, the ER membrane protein Sec63 has been shown in yeast
and mammals to be important for the biogenesis of secretory
and membrane-bound proteins by regulating either co- or post-
translationally the translocation of nascent proteins into the ER
(Jermy et al., 2006; Mades et al., 2012). Based on the data
presented in this work and the described functions of Src42A
and Sec63, we hypothesize that Abd-B regulates Boss traf-
ficking at multiple levels: Sec63 allows integration of the nascent
Boss polypeptide in the ER in order to form the mature Boss
protein that can be targeted to the spermatocyte membrane,
while Src42A acts locally at the spermatocyte-SCC interphase
to ensure internalization and recycling of Boss protein after its
interaction with the Sev receptor, similar to the situation in the
fat body (Kohyama-Koganeya et al., 2008). Alternatively,
Src42A could allow Boss internalization in the neighboring
Sev-expressing somatic cells, which has been described for
the Boss-Sev interaction in the Drosophila eye (Cagan et al.,
1992; Kra¨mer et al., 1991).
The importance of signaling between the soma and the
germline in the Drosophila testis is well established (Fuller and
Spradling, 2007; Resende and Jones, 2012). In addition, a wealth198 Developmental Cell 28, 189–202, January 27, 2014 ª2014 Elseviof studies underline the critical role of Hox genes in regulating
signaling between neighboring cell types in a spatiotemporally
coordinated manner: Abd-A regulates cell-specific EGF secre-
tion in Drosophila sensory precursor cells (Li-Kroeger et al.,
2012), Ultrabithorax (Ubx) modulates Decapentaplegic (Dpp)
signaling in Drosophila haltere specification (Makhijani et al.,
2007), and in the Drosophila midgut Ubx activates whereas
Abd-A represses the dpp gene (Manak et al., 1994). This study
now adds a facet to the picture: Hox genes, like Abd-B, seem
to regulate signaling pathways in a very precise and fine-tuned
manner by controlling several critical steps in the signaling event,
like the biogenesis and recycling of signaling components.
Abd-B, like other Hox genes, is a top-level regulator that
affects the expression of a large number of target genes. This
is in line with our findings in the testis, as we show that at least
two genes are required for Boss function: sec63 for Boss protein
translocation and maturation in the ER and src42A for Boss
endocytosis and receptor recycling. This is further supported
by the observation that Boss protein in sec63 mutants is
uniformly distributed in the cytoplasm but never enclosed in
internalized vesicles, whereas src42A downregulation primarily
affects Boss trafficking. It is this characteristic of Hox trans-
cription factors, regulation of a multitude of target genes, that
explains our inability to rescue Abd-B-dependent testis pheno-
types by expressing only one target gene, src42A, in the germ-
line population. Moreover, the fact that Dynamin, encoded
by the shi gene, can partially rescue Boss recycling strengthens
the proposed mechanism by which Boss receptor recycling
is the end point of Boss function.
Stage-Specific and Cell Nonautonomous Regulation of
Niche Positioning
Previous analyses showed that Abd-B, Sev, and Boss, as well as
Integrin, affect hub positioning in the newly formed embryonic
gonads, whereas Talin, Integrin, and Lasp play a role in hub posi-
tioning and integrity during adult stages (Kitadate et al., 2007;
Lee et al., 2008; Tanentzapf et al., 2007). Our studies now
show that the same players, AbdB, Boss, Sev, and Integrin,
are used in larval stages to preserve hub positioning and archi-
tecture after the initial establishment at embryonic stages. How-
ever, the mechanisms regulating hub positioning at the different
developmental stages seem to be different despite the employ-
ment of similar factors. In embryonic gonads, Abd-B is
expressed in the somatic lineage, the male-specific somatic
gonadal precursors, and regulates sev expression in this cell
population, whereas Boss signals from the pole cells to the
Sev-expressing cells to ensure that the niche develops in the
anterior region of the gonad (Kitadate et al., 2007). Hub expan-
sion and integrity defects are also observed in embryonic
gonads of weak Abd-B mutant alleles (Le Bras and Van Doren,
2006). Independently, it has been shown that Integrin is required
in the somatic cells of the embryonic gonads for anterior posi-
tioning of the hub (Tanentzapf et al., 2007). On the other hand,
our work now shows that in larval testes, Abd-B regulates the
same process when expressed in the spermatocytes, the germ-
line lineage, via the regulation of integrin localization in the neigh-
boring somatic cell type, the SCCs. This expression switch of
Abd-B from the somatic to the germline lineage not only high-
lights that the mechanism of Abd-B-dependent hub positioninger Inc.
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raises the interesting questions of why and how Abd-B changes
its expression and thus the mechanism of hub positioning.
Finally, during adult stages when testis morphogenesis is
completed with the addition of the acto-myosin sheath origi-
nating from the genital disc (Kozopas et al., 1998), hub posi-
tioning and integrity are regulated by Sev, Boss (Kitadate et al.,
2007), and Integrin (Lee et al., 2008), however, in an Abd-B-inde-
pendent way. It seems that the occurrence of new cell types and
cell interactions in the course of testis organogenesis made it
necessary to adapt the whole stem cell system to the new
cellular conditions by reusing the same main players of niche
positioning in an alternative manner.
Our study furthermore shows that most of the factors regu-
lating niche positioning in larval stages are active in cell types
other than hub cells: Abd-B, Boss, Sec63, and Src42A in the
differentiating germline cells, the spermatocytes, and Sev and
Integrin in the neighboring CySCs and SCCs of the Drosophila
testis. One of the emerging questions is how these players act
on niche positioning and integrity several cell diameters away.
Our current model is that male stem cell niche positioning and
integrity are regulated by a number of factors, like integrins,
ECM components, and actin filaments that build together a
dynamic scaffolding network. As the role of integrins and their
binding proteins in mechanosensitive adhesion is well estab-
lished (Colombelli et al., 2009; Maruthamuthu et al., 2011), we
suggest that integrins generate tensional forces through interac-
tion with the actin cytoskeleton and the ECM to maintain the
rigidity of the testis. This is achieved by a two-step process: first,
local signaling between the differentiating germline and the
neighboring SSCs, which together form a functional unit called
cyst, ensures proper integrin localization in individual cysts.
Subsequently, integrin interacts with other components, like
the cytoskeleton and the ECM that provides the testis with the
rigidity required for keeping the hub at the anterior part of the
testis. The Hox transcription factor Abd-B is a crucial player in
this network since it provides critical inputs for the main compo-
nents of this regulatory cascade.
Abd-B, Asymmetric Stem Cell Division, and Tissue
Homeostasis
An essential feature of stem cell niches is the regulation of stem
cell renewal, which is often coupled to asymmetric stem cell
division (Fuchs et al., 2004). However, in every niche asymmetric
and symmetric stem cell division have to be coordinated to
ensure the synthesis of the proper number of stem cells and
differentiated cells. In most stem cell systems, cadherins and
integrins play a central role not only in anchoring the stem cells
to the niche but also in establishing polarity in niche architecture.
For example, integrin-mediated adhesion is implicated in centro-
some function and polarization, microtubule assembly (Colello
et al., 2012; Fielding et al., 2008), and asymmetric cell division
in human and ferret neocortex (Fietz et al., 2010). If niche archi-
tecture and integrity is compromised, age-related changes, like
the reduction in stem cell number and activity, leads to failure
in tissue homeostasis (Wang and Jones, 2011). Our results
now demonstrate that the Hox gene Abd-B regulates integrin
and actin localization in CySCs and SCCs, which is required
for proper centrosome orientation in GSCs and GSC divisionDevelopmrates in larval testes. If Abd-B function is impaired, the GSC
cell cycle is delayed, resulting in reduced spermatogenesis in
the adult testis and an accumulation of defects normally
observed in aged tissue (Boyle et al., 2007; Cheng et al., 2008;
Wang and Jones, 2011). In the future, it will be interesting to
resolve the mechanism of how Abd-B, via the regulation of
integrin localization in the differentiated somatic testis lineage,
regulates asymmetric division of GSCs at a distance and thereby
ensures proper tissue homeostasis.
Conservation of Niche Components in the Animal
Kingdom
Several of the main players analyzed in this study are conserved
in other systems, thus related functions have been demonstrated
in different organisms and tissue contexts. In agreement with our
results, it has been shown before that the vertebrate Abd-B
homologs Hoxa and Hoxd are necessary for patterning the geni-
talia (Cobb and Duboule, 2005), leading to spermatogenesis
defects and increased sterility (Rijli et al., 1995; Satokata et al.,
1995). Thus, Abd-B-related genes might have similar functions
during male spermatogenesis, genitalia development, and
fertility. Similarly, integrins have been implicated in stem cell
maintenance and niche function in multiple tissues (Ellis and
Tanentzapf, 2010; Prowse et al., 2011; Schreiber et al., 2009):
a6-integrin is enriched in mammalian spermatogonial stem cells
(Shinohara et al., 1999) and b1-integrin plays an important role in
spermatogonial stem cell ‘‘homing’’ at the basal membrane (de
Rooij et al., 2008; Kanatsu-Shinohara et al., 2008), whereas
together with focal adhesion proteins regulate movement of
the germ cells across the seminiferous epithelium (Siu et al.,
2003). Therefore, our work underlines the role and function of
these genes across different stem cell systems and shows
that, despite the differences in niche architecture, similar factors
are frequently utilized for the execution of equivalent tasks.
EXPERIMENTAL PROCEDURES
Fly Stocks and Husbandry
A detailed description of fly stocks used in this study is provided in
Supplemental Experimental Procedures.
Immunofluorescence Staining and Microscopy
Whole mount testes immunostaining was performed as previously described
(Papagiannouli andMechler, 2009). For testes immunostaining in the presence
of GFP, 1%Tween 20 in PBSwas used instead of 1% Triton X-100 in PBS in all
steps.
For details on the methanol fixation and list of antibodies used see
Supplemental Experimental Procedures.
In Situ Hybridization of Larval Testes
In situ hybridizations were performed using the protocol as described by
Toledano et al. (2012).
Inhibition of Actin Polymerization by Latrunculin A Treatment
In order to inhibit actin polymerization, a treatment with Latrunculin A, a toxin
that binds actin monomers and disrupts the actin filaments of the cytoskel-
eton, has been used (Yarmola et al., 2000). Wild-type L3 testes were
dissected in Drosophila Schneider’s medium containing 10% fetal bovine
serum (FBS). Incubation with Latrunculin A (Sigma, L5163-100UG; dissolved
in 400 mg/ml DMSO) was done at a working concentration of 20 mg/ml (Babu
et al., 2004) in 10% FBS Schneider’s medium for 2–3 days at room temper-
ature. As a control, L3 testes were incubated with DMSO with identicalental Cell 28, 189–202, January 27, 2014 ª2014 Elsevier Inc. 199
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Abd-B and the Male Stem Cell Nicheconditions. Subsequently, treated testes were fixed and stained as described
above.
Analysis of Testes from Aged Adult Males
See Supplemental Experimental Procedures for raising of the flies. GSC
numbers were counted per testis; mean and SDs were calculated usingMicro-
soft Excel.
DamID
DamID was performed by following established protocols (Choksi et al., 2006;
Tolhuis et al., 2011). A detailed experimental procedure is provided in Supple-
mental Experimental Procedures.
DamID Analysis
DamID data were analyzed using R package rMAT a. Using default parameters
and a p value cutoff of 0.01, 1,803 regions were detected.
ACCESSION NUMBERS
For genome-wide binding of Abd-B inDrosophila L3 larval testes as defined by
DamID and tiling array hybridization, data are available under accession
number GSE53709.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.12.016.
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